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| AESTRACT
iThe effeét‘of inifial peftugbatiénsWin‘thé tropical‘gortions bf the global
thimum inférpoiatibn (oI) aﬁéleis schemé ﬁsed at the_Natiohal Meteorological
Céﬁ;é:'kNMC)Hupoﬁ‘S:déy fbrécasts in both the tropics:aﬁd‘in middie 1atitudes,

is examined.’

'Systemaﬁic tropical‘hass-énd wind field Qifferendés at 850»ahd‘200 mb
bet%eén'anaiyées produced at Nﬁc and the Eﬁropean'Centér‘fér‘Medium-fange
Wééﬁher‘foreﬁasting'(ECMWF):during‘the:FGGE yeaf”ére‘fitSt‘shown'to exist and
to persisf during Fébfua;yféﬁa'Juné.of;1979. Subset§:§f~thevECMWF mass and
wind ﬁieidfénalySés at‘éii‘lefels'in regions where the systematic differeﬁce or
"ﬁncertainéy"‘1s‘1arg§s£ betwéeq:the anélySis are‘used to construct initial
fields whiéh;are‘pertﬁrﬁed in iéolated'poftians of the tropids,~ Five—day
'foredéstéigre ﬁhen?tun from theée'initiél ééta,as well aé from. unperturbed

"control" NMC analyses, and the results compared.

- The‘resP§n§é to1initiailfro§ical perfurbations’takeé'2 forﬁs: a local
,:eépénse:aﬁd“a teleé§ﬁnedtion responsé toﬁmiddie‘latitudes. 'Pértubatioﬁs'
,éiépag;té,in thé,frcpics féifly Sléwl&‘via,Kelvin:modes aﬁd mixed ﬁQSSby‘gravity
‘modes;. Proéagétiqnvtoniddle'1atitudes pccurs;rapiﬂ1y vi§ ultra 1Qﬁé ﬁé&e length
bgrgfrqpic Rossby'médes. iThe middle'latiﬁﬁde respoﬁSe is simiié?:fégardlessrof
,?hé ldéation of‘thé:iﬁiﬁiéi pefturbétidﬁ, and,the response isvs;rongéstrwhgnt
fhe ini#ial pértﬁrbation 1iéé ﬁéérrfegibns'of tropical westeriieé} suﬁgestihé
tbaf'an iﬁitiai ﬁfobicalrdisﬁurbanqé;gécapeé‘té‘ﬁiddle latitﬁdes through theée‘

westerly wind ducts.



1.  Introduction

Interest’ in im_proyingv».the troplcal é;;_réions of gi‘qbal_ data ;iass,kim_ilati.onb
,SYstemsnhashgroun:inlthélfaoéiofimountinéfenperimental and{obseruational evi—h
1‘densehthatglinhs'disturhancesainvtheutropieal'oceans and‘atmosphere mith middleiv
iatitude*weatherisjstems:'thdireetfresuit.of this’awareneSS‘is‘the reoent
_appearance ‘of : 1nrt1allzataon‘and analy51s schemes almed at 1mprov1ng élobal
bforecasts by properlpdrepresentlng the troplcs (Purl, 1983, Jullan, 1984)
Bjerknes (1966, 1969) flrst proposed and then documented an apparent relatlon—
*shlp,betneen,thersea,surfaceftemperature in‘the equatorial_éacifiojpcean and
Sea-ievel‘pressure inuthe subtropicai;Paoifrc;thhe‘oceanic'andﬁatmospheric,
~ﬂsystemsfwere,ooupied via the‘Hadleyvcirculation;’whichhis,‘he’suégested,bstrenéth—
enedfduring periodsVof anomalouslf warm ocean‘temperatures,presultiné in stxdﬁgérd
than norma;rmiddle'latitude westeriies;.vThe ooeurence of”anomalouSIY:Warm‘SSTnY‘m
,ouernthe eastern equatorial‘Pacifioghas beenlfound tq‘occur withla éuasi—reguiar
,periodroff3é5,¥éars‘has{sincetﬁééomeiWidely hnomn'as the‘El‘Nino/f;Southernh‘

, Oscillation}horiENSO, phenomenon.

,ﬁurrngpthedmostjrecent:occurence;ini;98241985; the EﬁSO reaohed its most
'intense_leuei‘in'reeorded-historyhand"Was aocompanied by‘hiéhlpfanomalous
‘weather, both 1n the troplos and in mlddle latltudes (Rasmusson and Carpenter,
r1982) Rowntreen(i972) performed.the flrst numerlcalrexperlment torlnvestlgatei

“"the SST - atmosphere relatlonshlp.' Us1ng a hemlspherlo vers1on of‘the GFDL
»fmodelywath ‘an equatorlal Wall he found that“anomalously warm szs 1n the
”eastern‘eéuatorlal Pa01f1c gaue rase to a.weahened Walker (East-Westlerrculatlon.

:“frnot unlrke that documented 1n Rasmusson and Carpenter (1982)‘ ~Ju1ian and Chervin
‘f;(19f8) substantlated ﬁowntree s results, us1ng a vers1on -of. the NCAR global cir-

‘”ﬂculatlon model to. reproduce many of hlS mlddle latltude responses us1ng 1n1t1a1

o _:SST .}.ano:nalﬂies,,i-d'e,fitical to nis. "-'




. ‘ Webster (‘19.72')[‘1151.!‘41?:; lihe‘;ir.,r gl;]_avélv, bai‘cln‘clinic‘.mode‘l»‘to siﬁuléte _:the
- “réspoﬁse of the tﬁbpiéél‘étﬁésphérejﬁd trqpical féréing;-found~thé£‘£hé.féspbhse
" tak§s #w9{forms: EKélvih ﬁbdes whi¢h férm in théveqﬁatqiiéi:eétetiieé; and ,"'
Rstby_ﬁédes,aﬁhich‘fqrm,in tﬁé midd;é_léﬁitude?westerliesfv Webgﬁé; (j98i5
‘i fﬁéfh;%Jrefiﬁed ﬁisLstuay éf"ﬁﬁi%‘problgm‘ﬁy examining,fﬁe rés?éhéé,&fithé
‘%étﬁoépﬁege,_as‘Simu;éted‘by_a'quei siﬁil;£ to tﬁaﬁ“used in,ﬁébstéfl(ié7é),ft6:'7i
fp;;iﬁ§ by Q§£m>SSTj%#Oméiies placéd éf:§é£i6u§3ia£ifﬁdes.  He féund the |
‘atmo#pherié}régponsé't§]be.étr6ngest'when,the‘SSTjaﬁomélf was plaééd,in thé5 
ffroﬁic$,~whérevé éﬁfong 1ocal:fespﬁnse)icharéétéfiied by_a.éositive aiabatié
heating-dynamic feedbagk,'éééﬁis <‘W<Ta’bs‘ti:e‘bf"furth_er<Ifo>undv that tropical SST
ahoﬁaiieé'aiséuélicit a St:ong rémote (Eéléqoﬁnéction) response in middle_
-laéiéﬁdes:Z*The4rémote respdnéeiWebster féﬁnd'w@s‘also'cﬁéfacferized‘by baﬁotropyr
'.:éqffhe‘901gward sideBof/£he'middle latifﬁdé Westefiies'and bardcliniﬁity.on the
. . equa}:torgvar'd' ,s‘ide; ‘_‘I_—Iovsk,inr;' énd'karq;y ("1‘981':‘):'ycc.)rllducyzi:ed .ia vsimv.'i..lar set of
| ‘exéé?imeﬁts‘usiﬁg?éliineéf; spheriéai,ﬁhémiéphéfic, 5-;ayer'béfo¢linié'médel.

USing,negative vorticity'anomalies as proxies for heat sources. They found:

(1)—'large$t atﬁbspheric reéponseAto_localiZed,_steady) thermal fdfcing
occurs when the“anbma1Y"is located in the subtropics;

"(2i,:such a low-latitude sburce causes long waves to propagate poleward
aﬁd{eastwargi with shorter waves turning tpwérdithé equator at about 35°;

{3) the midd1e latitude pérturbations é#e barbtropic; and

(4) a low latitude aﬁdmaly forces a wavetrain comprised of long-ﬁaves,

which lies along a greét'cirélé'éXtending poleward and eastward of the séurce{



~These results beara marked resemblance to those of Wallace and Gutzer (1981)
"iln which. observatlonal ev1dence of teleconnectlons between the troplcs and
fm;ddle latitudes was found;-the teleconnection pattern StrOngly reSembling a

'wawetrainflying'along‘a great. circle. -

Anlaysls'and forecast”SYStems whose domainsle#tendzlntoftheitrooicsvhawe
been»fqund tojﬁossessvalspecfal,set‘of problemgdinwolving,the ultralong_wawes;
ﬁere, the term‘ultralong‘waves3refers to motions-whose:horizontal:scale L, isa
"comparable to the radlus of the earth a, 1 e,, L/a.“'1 and h R02R1<1,‘as
ddeflned by Phllllps (1963). ”SuCh motions require that:the equatlons‘of‘motlon ;’L
be formulated using spherlcal geometry.,‘lhese waves.(wawernumber 1;35 are
'.stationary,-or very‘slow mowlng. In October l957,’the J01nt Numerlcal Weather‘
’Predlctlon (JNWP) unlt extended the computatlonal domaln of. the non—dlvergent
barotropic model then_in use from*one;of;limited‘area'to oneiofghemispheric‘
proportlons extendlng 1nto thebtroplcs,‘exéectlno a resultant 1arge reductlon
in the.gross error of‘the forecast (Wolff, 1958)a3’lnstead,‘the-errorstworsened
bsince now,'the'model was forecasting waves:l—3‘tofretr0grOSS}} Whlle very
effectlve technlques were used to compensate for thls shortcomlng (Wolff, 1958,

Cressman, 1958), the reason for “this behav1or was not found.‘

'bickenson!and Willlamson({l972)ﬁpointedtout the»importance of”determiningl~'
‘which pArﬁ; of meteoroloéicald d‘a’ta“f'i‘elds‘ should be ré{:ained and .which »“‘:shouldf»
,fbe“discarded; They developed a‘technlque for expandlng 1n1t1al data of armodel,'
'w1thka flnlte number of degrees‘of freedom into the free osc1llat1ons of that
‘fmodel; In antexample'ofithexapélloationvof;this technique;tota 2 layer'model,:
'fthey'found that,finﬁaddition.to thedmodes known tO'be Signiflcant forvmeteorOIOgical
'”analyses and forecasts, 1 e., the westward propagatlng Rossby - modes, the antlsym-—
1'metrlc grav1ty mode (Kelv1n mode) may also be of 1mportance due to thelr 1ow

frequencies.s Williamson'and‘Dickinson (1976) expanded‘data“fromfai30'day,forecast



from‘the NéAR glohai circulation model into the normalhmodes of that model‘in
'order;to’determine'the relative importance of the‘Variouslmodes ot osciliation
present’in thebmodei.. They compared the amplltudes of the physical modes to
the computatlonal, con31der1ng the latter to represent the "n01se" level wh1ch
physlcally meanlngfuliphysical modes must‘exceed;in amplitude. They_found that
the amplitudes of the externai,RosSby mode,ithe Kelyin gravity_mode, and the
lardelscale internal'Rosshy'modes do exceed the‘noise level, while the restr
of"thesgravity‘modesido not;: They suggested that these latter grav1ty modes

) could be selectlvely flltered from model data. Furthermore, Wllllamson and
chklnson (1976) found that the amplltudes of the stationary Kelv1n modes exceed
"those of the tran51ent Kelv1n modes in the NCAR GCM, 1mp1y1ng the ex1stence
;long,timefscale‘highly.divergent, meteoroiOgically significant»eastward motiohs‘f

“in this model. -

A.réﬁiem:of the mathematicalntechniques;involved in finding the eigen‘
7so;uticnsz(normallmodes) of linearized primitive équatisns onca”sphere'is
spreSented in.kasahara (19?6); - The morks cited thus far;'point'to_the conclusion
::that the:tropical portions of both the reallatmosphere and.several olobal'
Circulation'mode;s;:k1) contadn mavelmotions‘thCh may hefimportant‘locally,

such as Keivinumodes and mixedi30s55§'gravity:moes,eand (2) possess teleconnections
_ with middle iatitudes Via,ultraiongVWave externairkossby modes. In order to
hetter exploit‘numericaijmodelsjtovunderstand‘compiex'atmospheric’phenomena

mhich they seem to simulate;fWe mustdunderStandwbetter the behatiOrvof the
modelS*themselves,.espeCialiy witheregard:to the troﬁical;portions of global
analyses and foreCasts.';Someruiiie (1980);;demonstrated that decraded tropical

”'1n1t1a1 data can 31gn1flcantly degrade subsequent mlddle—latltude forecasts

made u51ng these 1n1t1al flelds.' He,also‘found that_when'forecasts made from

rsimilarlyfformulated GCMs and hemispheric models are compared, those‘forecasts

¢



made using the GCMs tend to be superior to those from the hemispheric forecast

models.

The foregoing review of literature suggests that there are two possible

types of anomalies in tropical analyses and forecasts:

(1) forcing anomalies (e.g., sea surface temperature, vorticity, heating)
as studied by Webster (1972, 1981), Hoskins and Karoly (1981), Rowntree (1972),

Bjerknes (1969), Julian and Chervin (1978); and

{(2) anomalies due to errdrs or uncertainties in specifying the initial
fields in the tropics. Such anomalies may arise through a lack of radiosonde
and rawinsonde data, and the fact that satellite winds are limited to two levels
{low and high), and that the use of geostrophic winds derived from satellite mass
field measurements is inappropriate in the tropics. It is clear that anomalies
‘in tropical analyses, whether phenomenological or due to uncertainties, do

significantly impact GCM forecasts and that it is important to understand the

impact such perturbations have upon GCMs, and whether or not the impact is

systematic.

The purpose of this paper is to examine the effect of initial uncertainties
in tropical analyses upon subsequent global forecasts. To do so, first we will
define the uncertainty pattern in the analysis. We then construct an experiment
designed to allow the insertion of uncertainties into analyses which are then
used as initial data for GCM forecasts out to 5 days. Finally, we give the
results of the experiments, showing that, as a direct result of the initial
perturbations, orderly propagation oécurs in the tropics, the features bearing
the appearance of eastward prépagating Kelvin waves, and westward propagating

mixed Rossby-gravity waves. The middle latitude response tends to be constant,
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‘regardless ofithe‘location of the initial perturbation.  This result is different

, than'earlier'reSults from. simple climate‘models.

2.  Estimates of Uncertainty in the Initial State of the Tropics .

'Awe‘nOW-face the‘veryddifficultubroblen'o§'estimating the'uncertainty in:”
.analysesiofftropical wind and mass:fields, vThe twovmain sources’of'uncertainty .
;ln‘tropical'analyses arlse‘fromfdata:scarcity and. from inaccurate'inltializaton;
.The latter problem'is the subject‘of ongoingjresearch, and there is reaSOn to
belieye.that progress:will‘be made on it; rhe3observingnnetwork;vespecially’in
theytropics however; showsisignsrofdcontinual deterioration. The best global
‘troplcal data set ever assembled 1s ‘that complled during the flrst GARP Global
Experlment (FGGE). “The best estlmates we have of the atmospherlc:stategdurlng{
'the FGGE year (1979) con51st of carefully prepared analyses of NMC and ECMWF,
the FGGE. IIIA, and FGGE IIIB analyses. For varlous reasons, 1nclud1ng dlfferences
Vln the analy51s codes themselves, dlfferent tlme thresholds for u51ng data
whiéh becomes available either before orbafter thefnoninal tine of the analysls
‘*tand dlfferlng operatlonal,constraints) analyses”yalid simultaneously are:slightly

» different,'ilt;is these differences Which_weluSe to‘define.analysis uncertainty.

: Figurévia shows the global,wind-spéed dlfferences:at 200vnb;between pairs
ofdthese analyseS;forr12GMT i? februaryﬁand 12éMT‘27MJune;‘ Note that’zob mb_
' wlnd¢speedidifferences of 5—10*hs>1 exist throughout the troplcs, but that
'locallzed reglons where these dlfferences exceed 10 ms =1 occur in' the troplcal
eastern‘Paciflcroceanysthe western Pacifib.Ocean, and the Indian Ocean.
Examinatloniof’a 1$§gg;pu@b§r@off£héée mapsmrevealslthatthese differences are
systematiej‘occurlné nap.after.map of:analysls;differences during February‘and
jupe 19?9. AvHovmolleridiagraﬁfcsnstructedéfron:thebanalySis difference maps

. during these months clearly shows the persistencehof these differences. The



cases shown in Figure 1a are those which were thought to be fairly representative
of the systematic differences seen in the time series of analysis differences

exemplified by Figure 1b.

3. Experimental Design

Five numerical model runs were done for each of the two sets of cases,
including a "control" forecast out to 5-days using the unmodified NMC analysis
to initialize the global spectral model. The remaining four runs per case were
made using specially prepared analyses as initial data. These "test" analyses
were prepared by inserting a subset of the ECMWF analysis valid at the same
time as the NMC analysis into thé NMC analysis. Thus, the only difference
between a pair of test and control analyses for a given case would occur in the
subset region. The subset insertions were done fdr u, v, z, and T at all levels.
The four different subset regions used are shown in Figure 1. Interpolation
was performed in a ten degree wide band sufrounding each subset region in such
as way as to linearly reduce the difference between the subset boundary points
and the surrounding NMC analysis to zero over the band. Following the insertion
and blending of the ECMWF suﬁset into the NMC analysis, a non-linear normal
model initialization is performed, and the model is integrated out to 120 hours
in 17 minute time steps. Figure 2 illustrates the sequence of events involved

in performing such an experiment.

The numerical model used for this study is the rhomboidally truncated, 12-.
layer, 30-zonal wave, =-coordinate, global model described in Sela (1982),
and used operationally at NMC. Model parameterizations‘include: orography,
which is modeled spectrally; lower boundary friction, and a drag coefficient
Cp, which is a function of latitﬁde and longitude; sensible heat transfer

from the ground to the air over the oceans only; dissipation, parameterized



by a term of the form Kv4F,bwhere F=a prognostic variable, and = 6x1013,
Moisture:flux from ocean to atm0sphefe is parameterized by a formulation in
which the flux is a fﬁnction.of wind speed éﬁd sea surface temperature.

There is no evaporation frém laﬁd in this model. The model moisture sink
6onsists of convective'and large—scalé condensation accumulated every time step
"at each point of the computatiopal grid. Kuo-type:convection is used. In all
the experiments, the séa surface temperature used was the'climatological sea

surface temperature field.

Sections 4 and 5 present the results of the winter and summer'experiments,
respectively. Section 4 presents a discussion of results, and Section 5 contains

conclusions.

4.1 The Extratropical Response

We now examine.the response of the model atmospere in middle latitudes to
initial uncertainty perturbations created by inserting subsets of the ECMWF
analysis for a given day into the NMC analysis valid at the séme time, as
decribéd in Secfion 3. Figure 3 shows the results of the four 120 hour forecast
experiments rgﬁ from 12GMT 17 February 1979 initial data. (Maps such as these
showing differences between forecasts initialized from perturbed initial
coﬁditions and forecasts from unperturbed initial conditions will be called
"perturbation forecasts“j. The experiment in which the largest region of
uncertainty, the WTT (Winter Total Tropics) run, was inserted also has the
largest perturbation forecast amplitude, with 200 mb height differences'exceeding
100 meters in the North Atlantic and North Pacific (Figqure 3a). ‘The bulk of
the impact occurs between 30°N and 60°N. The perturbation forecast for the
WEP (Winter Eastern Pacific) experiment (Figure 3b) nearly reproduces the WIT

pattern over the North Atlantic, northeast of the location of the initial

/o



'mperturbatlon, but 1ncludes largervscale drfferences‘over‘the Tole and the
. Pacific Ocean;T‘The WIO (Wlnter Indlan Ocean)yperturbatlon forecast (Flgure p
'j3c)Haga1n reproduces the WTT pattern to the northeast of the site of the 1n1t1al
"hperturbatlon..‘lt also contalns a hlnt of the WTT dlfference coupletrnear'
lh36;W. The WWP (Wlnter“Western Pa01f1c) perturbatlon forecast (Flgure-Bd) also
‘ contalns thls couplet; as well as features whlch appeared in the WTT experlment
- to the northeast of thebs1te of the WWPylnltlal uncertalntles;: Figure*3 shous
.:,that the northern’henlsphere‘nrddle latltude response rs largest to the north
rand east of 1n1t1al uncertalnty perturbatlon, a result s1m11ar to’ that of;v
‘Hoskins~and Karolyu(1981).‘ lt also olearlg‘shows a tendency for‘nlddle latltude
hpperturbatlons to occur in the same locatlon, though perhaps dlfferlng 1n ampli-
..tude”fron case'to case;.regardlesswof the 1ocat10n of the 1n1t1a1 perturhatlon.h
'The summer’hemlsphere also responds in’ Just thls way (Flgures 4a—d), but with
'dthe marlmun response‘occurlng sllghtly‘closer to the pole,- suggestrng perhaps
sone dependence of the.locatlon‘responseiupon the baroclln1c1ty of the atmosphere,

TthougnfglgurevS clearlyv1nd1catesﬁthatgthe‘form of'the response'is barotropic,' i

The 120 hour 200 mb forecast helght dlfference for the four experlments run

,‘from 1n1t1al data valld 12GMT 27 June 1979 are shown in, Flgures 6~ 8. These maps

‘show a marked tendency for the recurrence of the same dlfference pattern
leegardless of the s1te of the 1n1t1al perturbatlon.u,Inxthis’Case, the differencef

fcouplet extendlng from the v101n1ty of Turkey eastward to about 60°E reappears

V in each of thelmaps’of.120 hour:forecast helght dlfferences (Flgures 6a—d).

vThe tendency,_noted earlrer;vfor the larcest response to occuripoleward and east—
fﬂfward ot the 1n1tlal perturbatlon is not as markedlln Flgures 6a-d, nor 1s‘there

lany‘indlcatlon that response‘ln thevnorthern (summer) hemlsphere occurs any fartheri"
1ﬂfnorth than it‘did-in'the~hehruary case.» As shoun 1n‘F1§ure T lthe response in

the southern hemlsphere tends to occur closer to. the pole than it does in the




:northern heﬁiséhere. ThlS effect then 1s probably attrlbutable to dlfferencesvf\
'Jln‘the dlstrlbutlon of land and sea between the hemlspheres. The‘response 1n”
;the_winternhemisPhere again shows;a'tendency to.be stronger than that in the' ;
'sunmer heuisphere;"and,to,have maXimum'anplitude.bolewardVana eastward of the

_initial perturbation.

fhe’euolution of'theSerforeCast‘differences'can be illustrated by;examining
Ca sequence of succe551ue forecasts fron the WEPiexperlment at 12 hour intervals
out to 120 hours (Flgure 9).» The dlfference in the 1n1t1al NMC and ECMWF height v
fields in the'uncertalnty reglonf;s too-small to}show;w1thothe 20 meter‘contour |
intervai‘useo‘in'Fiéure 9a."3y 12 hours differences;appear.in both}hemispheres
nearsthe‘siterfVtherinitialhaifferences,‘ Asfthe forecast,progresses, a
wavetrain slowly dewe10ps,xweli-defined invthe winter'hemisphere; and_muted, but,
Weli defined in.theosunmer'hemsibhere,:egtending poieward andleastwaro-of the’

’ sitevof*the‘initial disturbance;: The;wavetrains themseives remarnfquasi—“r
statlonary throughout the forecast seéuence.f The large mlddle 1at1tude
'dlfferences between the perturhed and control forecasts develop after about 84
hours;» Daley; et.ai, (1981), showed that such a mlddle latltude responsefls
:caused in part: by ‘the exc1tat10n of external large—scale Rossby modes, forced by
rdrfference in‘the rotational componentAQf the~tropical wind fields,of'the("

ffcontrol"and perturbation forecast initial data.’

When{the wfnd fiela1for this same‘forecast series is examinea:(Ficure“105;lr
jitfbecones clear that the'information:of~theyinitial‘disturbanoe,resides mainly~'
'-ih the wind‘fiela.e,ﬂsjthe forecast'progresses;twind field differences propagate
‘both eaStwara‘and‘westward frOmathe initiai}disturhance; while‘remaining 7
:reiatiuely confined within.the tropics out to 24 hours. Then,.at 36 hours, the

disturbance inhthe.velocity field‘appears to beginfto‘progreSS-northwarduover
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the*fouthernsU.S;l*Betweenh36handf72‘hOurs,lthe perturbation pattern'spreads

'”eastward and westward over. the southern U. S., formlng an enlongated pattern o

fwhloh’oorn01des‘w1th a strong Jet;j The reglon poleward and eastward of the
‘:iorlglnal WEP: perturbatlon appears to be the only place on the globe that
‘h,ﬂdlsturbances can propagate through toward the poles, except'for some small
lzsamplltude 1eakage 1nto the southern henlsphere near Australla.‘ Thls-reélon is

;the;s1te ofja reglon of‘westerly W1nds. Webster (1982) noted that atmospherlc

i anes[oan-propagatehmeridionally through-such ﬂwesterly”ducts". High:amplitude

wind speed_differenoes of ‘more than 12 ms™! develop over the north Atlantic by -

120 hoursj-the‘amplitude~increasing‘wery rapidly‘aftere96 hours.

V-{_'4}2 The Tropical Response.

;ione'of thekquestions‘werwish:to;answer isr"ﬁoes.orderlyhpropagationiof
uncer“,‘:"’l’int? 0509‘?' in -tﬁfe tréPiés',, and if 'sor 'k/‘ilnde'r it Gonaitions? In order -
‘ ﬂto.address.this questionf’ﬁovnoller'(longitudeUVersus time) charts of windt'
tj‘hgpeéd, helght,’and rotatlonal‘and dlvergent w1nd component dlfferences were
lprepared from the model rorecast‘spectral coeff1c1ents.piln‘order;to s1mplify
‘ Ltheisovnoller;fields;‘the speotral;ooefflcientsfwere selectively’zeroed;
soithatbonly.certain wave‘numbers'were}included'in the diagrans, A‘truncationn
‘bwhlch 1neludes only waves 0- 3 glves results ln the deep troplos which appear
f’only slléhtly dlfferent from those obtalned when zonal waves 0 10 (not shown)
‘”are=used; ‘Thls wave number band 1s also the loélcal one. in which to seek the
.;ultraloné waves whlch have been shown by Webster (1972, 1981, 1982}, Somerville
'(1980), Wllllamson and chklnson (1976), Purl (1983), Zangv1ll and Yanal (1981,
,1982), Lu and Lanal (1984), to be of 1mportance 1n the troplcs.. Flgure 11 shows
.Hovmoller charts centered on the equator from control analy51s of 200 mb helght

;Q (Z),‘stream functlon (W), and ve1001ty potentlal (X) for both the w1nter



and summer.experimentsQ A'simifarvset'of‘SSOImbucharts is provided‘in‘appen-
dir;f:, The 51gn1frcant features of the control Hovmoller are: (i)‘the change
'an ‘the ‘scale of the.200 mb helght fleld from a wave numbervé form in the w1nter
case’stQ_aawave;numhers1vin summerj&Figure i1a(b);‘(2) the\clearfevrdence of
i anveastward‘propagating ultralong'wave;ength.feature»in the véiocity‘potential ;
torecaSts, a:featurevwhiCh also}existsiithough with a muchzhigher amplitude,
;invthe summer:controliHovmollerp(figuredddh,C);‘and (3f\the.spatial stationar-
-itj'of;the=teatures inithe‘wrnter;stream}function controibforecasts, versus
dhtheucieaf_existence;of.a~westwardipropagating feature with wave number two

"spatial scale.

The_perturbedeminusecontroidforecast:differencejfor,the June‘and'February
exgérdments‘are.shown indFigures'jZ—j4;h fhegaiis axciearstendency for.eastward
vpropaéation*of_thejditferent perturbations'of“height, and especiallyzﬁelocity
‘»?Dotentlal rn both the June and February experlments. Stream‘functibn'ddffer-
';ences,‘on the other hand, propagate Westward at a falrly raprd‘rate. The

eforecast‘dlfferences 1n the”June:cases generally have much 1arger amplrtude
‘ than do those for February.: The phase speed of the eastward propagatlng fea—
“tures rs about 40 ms 1, whach is- approx1mate1y the phase speed of the slowest

grav1ty mode for: vertlcal mode 4 and planetary wave number 1 in the NMC spectral‘,

f;d‘model for 12 equally spaced levels (Balllsh, 1980). TheSefwave modes strongly ;

resemble those shown by Purl (1983) to be ex01ted by convectlve adjustment in

Lthe ANMRCUspecral model, and whlch domlnate the model's Tropacal 1rcuiatlon.,
‘Although the modes4exc1ted vary somewhat with the number ‘and’ spa01ng of ther

.,‘ievelS;of_the.model;‘EurifsareSults‘appear'tojhave application to those we

obtained}from‘NﬁC's.spectral“modei (Bailish, personal communication). In

' compardng forecasts with and;without convection,iPuriffound‘Iarge'differences

in‘theitotalygravity'mOde energy in vertical model 4. He relates this to the



_existence of very low frequency eastward (Kelvin) and westward (mixed Rossby-
gravity) propagating modes. According to Table 1 of Ballish (1980), the phase
speed of the gravest eastward propagating internal mode is 36 meters per second.
This agrees well with the phase speed (39 ms~1) of the wave number 1 features

in Figure 11¢,d.

While there is ample evidence of. tropospheric Kelwvin modes and mixed Rossby-
gravity modes in numeriqal models (Webster, 1972; Dickinson and Williamson,
1972; Williamson and Dickinson, 1976; Kasahara, 1976; Puri, 1983), until recently
cbservational evidence of Kelvin waves has been limited to the lower stratosphere.
Wallace and‘Kousky (1968) discovered eastward propagating disturbances with‘a
period of 15 days, and a downward component of phase velocity in the equatorial
stratosphere, Murakami (1971) concluded that these Kelvin modes were forced
from below by large-scale diabatic heating in the tropical troposphere, based on
numerical experiments using a simple linear primitive equations model. The
work of Zangvill and Yanai (1980, 1981) establishes the existence‘of these wave
modes in the equatorical troposphere at 200 mb. Using the solutions of Laplace's
tidal equations of Longuet-Higgins (1968), Lu and Yanai (1984) extended the
work of Zangvill and Yanai, finding eastward moving waves for zonal wave number
one with periods of greater than 20 days, and of about 7 days. They alsc found
westward propagating waves with zonal wave number 4 and period 5 days. They
positively identified the former waves as Kelvin waves having no meridional
component, and the latter as mixed Rossby-gravity waves, which do possess a
meridional component of phase velocity. The large-scale wave number one feature
in the divergent component éf the forecast wind field differences seen in Figure
12¢ qualiﬁatively resembles ILu and Yanai's Kelvin waves, while the westward
rropagating features in the rotational component resembles the faster moving

mixed Rossby-gravity modes (5-day periods).

/5



5. Conclusions

Numerical experiments have been conducted, using sfstematic differences
between simultaneous NMC and ECMWF global analyses of wind and mass as "uncer-
tainties", by inserting and biending various subsets of the ECMWF tropical
analysis into the NMC analyéis. . 5-day forecasts uéing these perturbed.analyses
as input data were then éompared with unperturbed control forecasts. Thé
response of the model to these perturbations takes place both locally (in ﬁhe
tropics) and remotely (in the middle latitudes). In the tropics, eastward
propagating, apparently trapped waves result, waves resembling the Xelvin
modes found by many investigators in both the real atmosphere and in model
atmospheres. A wave resembling a westward propagating mixed Rossby-gravity
mode, with a meridional component, is also found. There is evidence that the
tropically excited Roésby mode propagates into the westerlies of bq;h hemispheres.
The middle latitude response tends to be the same regardless of the location
of the initial perturbation. This suggests that the meridional transport of
wave energy is highly selective, and supports the notion that the energy of
waves excited bybthe initial disturbance can propagate northward or southward
form the tropics only in specific regions as suggested by Webster (1982). The
results indicate that differences in the tropical wind fields from two state
of the art analysis and forecast systems result in significant forecast differ-
ences in as little as five days. Such a result implies the need for improvements

in either the data in the tropics, or the analysis system, or both.
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